Pulmonary arterial early diastolic waves (V waves) were investigated in patients and experimental animals with mitral regurgitation. V waves exceeding systolic pressure in the pulmonary artery were recorded in the main pulmonary artery with micromanometer catheters both in patients and animals, eliminating the possibility of catheter artifact. In experimental animals, aortic closure preceded pulmonic closure by 33 + 12 msec at baseline. With the creation of acute mitral insufficiency, a pulmonary arterial V wave occurred in six of eight animals. Early pulmonic valve closure occurred only in the six animals with a pulmonary arterial V wave. In these animals, pulmonic closure preceded aortic closure by 28 + 7 msec during mitral insufficiency (p < .05). Of 70 patients with severe mitral regurgitation at cardiac catheterization, 14 had a pulmonary arterial V wave. In five patients recordings with micromanometer catheters were made and early pulmonic closure was also observed in four of these patients who had pulmonary arterial V waves at rest or upon provocation. Patients with pulmonary arterial V waves had a more acute onset of symptoms, shorter duration of mitral regurgitation, higher pulmonary capillary wedge V waves, and lower pulmonary arterial resistances than patients without them and were more likely to have nonrheumatic mitral regurgitation. Circulation 69, No. 2, 214-222, 1984. EARLY DIASTOLIC PRESSURE waves (V waves) have been recorded in the pulmonary artery during mitral regurgitation with fluid-filled catheters.14 Spring and Row' demonstrated that the magnitude of this early diastolic pressure wave could exceed that of pulmonary arterial systolic pressure. In addition, they found indirect evidence that the pulmonary arterial early diastolic pressure wave could cause premature pulmonic valve closure. However, a direct association between the early diastolic pressure wave and pulmonic valve closure was never confirmed. In this study, data obtained with micromanometer catheters during acute mitral regurgitation in dogs were used to further investigate pulmonary arterial diastolic pressure waves and their relationship to pulmonic valve closure. Concurrently, the clinical occurrence of this phenomenon was reviewed from catheterization laboratory data, and its pathophysiologic characteristics were further investigated with the use of micromanometer recordings from patients.
Methods
Patients. Cardiac catheterization was performed on 2590 adults at Montefiore Medical Center over a 3 year period from January 1980 to December 1982. Right heart catheterization was performed in 648 patients with suspected valvular heart disease or with elevations in pulmonary arterial pressure and was performed with either a No. 7 thermodilution balloon catheter or No. 7 Cournand catheter. Mitral regurgitation was assessed angiographically during left ventriculography and classified as 1 + (left atrial contrast clearing with each diastole), 2 + (opacified blood not clearing with each beat, but with the left atrium less densely opacified than the left ventricle), 3 + (the left atrium filling as densely as the left ventricle), or 4 + (opacification of the left atrium usually during a single left ventricular systole and more densely than the left ventricle or aorta with contrast refluxing into the pulmonary veins).' Severe regurgitation was defined as either 3 + or 4 +. Of the patients in whom a right heart catheterization was performed, 70 had angiographically proven severe mitral regurgitation and form the basis of this report.
The pulmonary arterial and wedge pressure tracings of these 70 patients with severe mitral regurgitation were then reviewed. In the pulmonary wedge trace, a V wave was defined as large if the peak pressure exceeded the mean by at least 10 mm Hg.6 A pulmonary arterial early diastolic pressure wave (which for simplicity will be called a pulmonary arterial V wave) was defined as a wave in the pulmonary arterial tracing that: (1) peaked in early diastole, (2) equalled or exceeded pulmonary arterial systolic pressure, (3) had a contour and timing similar to the pulmonary wedge V wave, and (4) could be recorded in the main pulmonary artery just above the pulmonic valve (to preclude mixed pulmonary arterial-pulmonary wedge tracings).
In each of five patients (three with and two without pulmo-nary arterial V waves at rest) a micromanometer-tipped catheter (Millar microtip PC484A) was positioned with the micromanometer in the main pulmonary artery just above the pulmonic valve and in the aorta just above the aortic valve. In these patients, simultaneous aortic and pulmonary arterial pressures were recorded at baseline and with various physiologic maneuvers at a paper speed 100 or 150 mm/sec on an Electronics for Medicine VR12 physiologic recorder. All patients had standard M mode echocardiographic examinations before undergoing cardiac catheterization. These studies were reviewed for measurements of left atrial size and mitral valve motion abnormalities.
Statistical analysis. Patients with severe mitral regurgitation were separated into two groups based on the presence or absence of pulmonary arterial V waves at rest. Clinical, hemodynamic, angiographic, and echocardiographic parameters were analyzed and comparisons made between the two groups with chi-squared or Student's unpaired t tests or a rank-sum analysis. Differences were considered significant if the p was less than .05. Values are expressed as mean + SD.
Animals. Greyhound dogs were sedated with morphine sulfate (1 mg/kg) and anesthetized with intravenous sodium pentobarbital (25 mg/kg). After left thoracotomy, micromanometertipped catheters (Millar microtip No. 471) were inserted into (1) the right ventricle via the right internal jugular vein, (2) the main pulmonary artery by direct puncture and positioned immediately above the pulmonic valve, and (3) the aorta via the right femoral artery and positioned just above the aortic valve. Great care was taken to ensure that the micromanometer-tipped catheters in the pulmonary artery and right ventricle were equisensitive. In addition, zero baseline drift was checked frequently and corrected by superimposing the micromanometer pressure tracings on tracings of pressures from the fluid-filled lumens of the micromanometer catheters. The left atrial pressure was measured with a short No. 8F fluid-filled catheter inserted through the left atrial appendage. Pressures from the fluid-filled lumens were measured with Statham P23Db transducers. In three animals M mode echocardiograms of the pulmonic and aortic valves were obtained by placing a 2.25 MHz echocardiographic transducer directly on the pulmonary artery and aorta, respectively, using a commercially available ultrasonic gel for coupling. To confirm which valve was being echoed, saline was injected sequentially into the right ventricle and left atrium and the passage of microbubbles across the valve was observed. The echocardiograms were recorded with simultaneous pulmonary arterial and aortic micromanometer pressures to determine the relationship of aortic and pulmonic valve closure to the aortic and pulmonary arterial dicrotic notches, respectively.
In two animals, an electromagnetic flowmeter was positioned around the main pulmonary artery just distal to the pulmonic valve, and the flow signal was recorded along with the other hemodynamic parameters.
Initial right ventricular, pulmonary arterial, left atrial, and aortic pressures, echocardiograms, and pulmonary artery flow signals were recorded with the electrocardiogram at a paper speed of 100 mm/sec on an Electronics for Medicine VR6 physiologic recorder. After completion of all baseline recordings, acute mitral regurgitation was created by inserting a hook with an inside cutting edge through a small incision in the anterior wall of the left ventricle just below the mitral anulus.7 With the aid of a finger inserted into the left ventricular cavity via the left atrial appendage, the hook was manipulated to sever chordae tendineae. Individual chordae were severed until a thrill was felt in the left atrium and a large V wave appeared in the left atrial tracing. It was usually necessary to cut three to five chordae to produce severe mitral regurgitation. The hook and finger were then removed and hemostasis was obtained. Normal saline (up to 500 ml) was given as volume replacement, and intravenous lidocaine was used to control ventricular irritability during the creation of mitral regurgitation. Recordings of all parameters were then repeated. All measurements were made on 5 consecutive sinus beats and averaged. Heart rate and pressures were determined in the standard fashion. The pulmonary arterial V wave was defined as above. The intervals from the onset of the QRS complex to the incisura of the aortic dicrotic notch (Q-ADN) and from the onset of the QRS complex to the incisura of the pulmonic dicrotic notch (Q-PDN) were measured. The dif- mitral insufficiency ruptured chordae were present in five (Nos. 1, 3, 7, 9, and 13), mitral valve prolapse was noted in six (Nos. 2, 4, 6, 10, 1 1, and 12), and papillary muscle infarction and rupture were observed in one (No. 14). Duration of symptoms was 5 days to 1 year. Compared with the patients in group LI (those with severe mitral regurgitation but without pulmonary arterial V waves) patients in group I more often had a disease of a nonrheumatic cause and had a shorter duration of symptoms, but age, sex, and severity of congestive heart failure were similar.
Hemodynamic, echocardiographic, and angiographic results. Selected hemodynamic, echocardiographic, and angiographic parameter values are listed in table 2.
Most of the patients in group I had elevated pulmonary arterial pressures (mean pulmonary arterial systolic pressure 49 + 11 mm Hg) and evidence of both right and left heart failure. Pulmonary wedge pressure averaged 26 ± 5 mm Hg with a regurgitant or V wave of 53 + 15 mm Hg. Figure 1 (patient 14) illustrates the typical appearance of the pulmonary arterial V wave recorded via a fluid-filled catheter (figure 1, A). This wave peaks almost simultaneously with the pulmonary wedge V wave ( figure 1, B ). Augmentation with an intra-aortic balloon pump, a maneuver that acutely decreases the severity of mitral insufficiency, also decreased the pulmonary arterial V wave from 70 to 75 to 50 to 65 mm Hg ( figure 1, B ). In group I angiographic left ventricular ejection fraction was well preserved, but there was evidence of left ventricular and left atrial dilatation, with left ventricular end-diastolic volume averaging 118 35 ml/ m2 and left atrial dimension averaging 2.8 0.3 cm/ m2. No patient in group I had evidence of more than a mild increase of pulmonary arteriolar resistance. Compared with the group II patients, the patients in group I had higher pulmonary wedge V waves and lower pulmonary arteriolar resistances; however, no statistical difference between the groups could be found for any of the other hemodynamic, echocardiographic, or angiographic parameters.
In three patients who had pulmonary arterial V waves at rest recorded on tracings from fluid-filled catheters, a similar wave could be recorded via micro- . It is apparent that the V wave can be recorded just distal to the pulmonic valve. Before augmentation with an intra-aortic balloon pump (IABP), the PA V wave of 70 to 75 mm Hg exceeded PA or RV peak systolic pressure by 5 to 10 mm Hg. Because of hemodynamic instability an IABP was inserted. After IABP augmentation (B) the PA and PCW V waves were 50 to 65 mm Hg. manometer catheters. Figure 2 (patient 13) demonstrates micromanometer tracings in one of these patients with a pulmonary arterial V wave of 50 mm Hg, which exceeded right ventricular and pulmonary arterial systolic pressure by 7 mm Hg. Thus, the possibility that the pulmonary arterial V wave is merely a catheter artifact is excluded. In each patient with a pulmonary arterial V wave at rest the pulmonary arterial dicrotic notch preceded the aortic dicrotic notch, thus indicating early pulmonic valve closure.
The presence of a pulmonary arterial V wave was often a labile phenomenon. In selected patients who had severe mitral insufficiency but no pulmonary arterial V wave, maneuvers that acutely increased the severity of mitral regurgitation brought out early diastolic pressure waves in the pulmonary artery (figures 3 and 4). In two patients who did not have pulmonary arterial V waves at rest, micromanometer catheters were used for pressure recording. In both patients, handgrip caused an increase in pulmonary arterial pressure and the appearance of a V wave and in both patients aortic closure preceded pulmonic closure at rest. In one, handgrip caused the semilunar valves to close simultaneously, while in the other (figure 3) handgrip produced a pulmonary arterial V wave of 60 mm Hg and reversal of semilunar valve closure, with the pulmonic preceding the aortic incisura by 20 msec (figure 3, B ). Pressure tracings from fluid-filled catheters demonstrate that before angiography (figure Vol. 69, No. 2, February 1984 4, A) the pulmonary wedge V wave was 32 mm Hg with no definite pulmonary arterial V wave, but immediately after angiography ( figure 4, B ) pulmonary wedge and pulmonary arterial V waves of 65 mm Hg were present. Animals. Mitral regurgitation was created successfully in eight animals. In two animals, no pulmonary arterial V wave could be produced, even though pro- Micromanometer tracings from a patient with severe mitral regurgitation, but no PA V wave at baseline. Before handgrip (left panel) PA systolic pressure was 32 mm Hg and the incisura PA of DN followed the AO incisura by 20 msec. During handgrip (right panel) the PA systolic pressure increased to 55 mm Hg and the PA incisura preceded AO by 220 mse in the presence of a PA V wave of 60 mm Hg. gressively severe mitral regurgitation was obtained by cutting additional chordae. In one of these animals, a thrill was felt in the left atrium before any chordae tendineac were severed, and postmortem examination of the mitral valve revealed thickening of the leaflets indicating some degree of chronic mitral valvular disease. In the other animal, the left atrial V wave never rose above 25 mm Hg. In neither of these animals was there any influence of acute mitral regurgitation on the timing of semilunar valve closure. The results from the six animals who developed pulmonary arterial V waves during acute mitral regurgitation are listed in table 3. There was no significant change in heart rate with the creation of mitral regurgitation. Most animals developed acute right ventricular failure with average right ventricular end-diastolic pressure increasing from 4 to 12 mm Hg. Pulmonary arterial systolic pressure increased significantly from 27 to 50 mm Hg, with the pulmonary arterial V wave exceeding pulmonary arterial systolic pressure by an average of 4 mm Hg. Mean left atrial pressure rose from 7 to 45 mm Hg, with the peak regurgitant wave averaging 64 mm Hg. In the initial three animals echocardiograms of the pulmonic valve with simultaneous tracings of pulmonary arterial and right ventricular pressures, and echocardiograms of the aortic valve with simultaneous tracings of aortic pressure were recorded both before and after mitral regurgitation. In all 218 observations, closure of the pulmonic valve preceded the incisura of the pulmonary artery by 10 msec or less (figure 5) and closure of the aortic valve preceded the aortic incisura by 10 msec or less.9', 10 Subsequently, to facilitate the experimental protocol, the pulmonary arterial and aortic dicrotic notches were used to measure the closure points of the pulmonic and aortic valves, respectively.
During interval from the onset of the QRS complex to the aortic dicrotic notch; Q-PDN = interval from the onset of the QRS complex to the pulmonary arterial dicrotic notch; Q-0 interval from the onset of the QRS to the onset of right ventricular negative dP/dt. 282 ± 23 msec and the Q-PDN was 316 ± 26 msec. Thus, closure of the aortic valve preceded that of the pulmonic valve by 33 ± 12 msec. With mitral regurgitation, the Q-ADN interval did not change while the Q-PDN decreased significantly to 251 ± 29 msec (p < .05), and the pulmonic and aortic valve closures reversed in all six animals (table 3 and Micromanometer pressures and M mode cchocardiogram of the pulmonic valve in dog 3. Before creation of acute mitral regurgitation, PA and RV peak systolic pressures were 25 mm Hg and the PA DN was virtually simultaneous with the pulmonic valve closure (arrow). With severe miiitral regui-gitation (B), PA peak systolic pressure was 40 mm Hg and there was a V wave of 45 mm Hg. Again, pulimonic closure (arrow) was virtually simultaneous with the PA incisura. separating the right ventricular pressure curve from the pulmonary artery incisura as measured from equisensitive micromanometers at the pressure level of the incisura. ""`In two animals, a pulmonary arterial flow signal was recorded simultaneously with micromanometer pressures. In both animals a large negative deflection was recorded in early diastole only during mitral regurgitation, indicating retrograde flow in the pulmonary artery ( figure 7) . The onset of this negativeflow wave was coincident with the incisura of the pulmonary arterial dicrotic notch, its peak was on the upstroke of the pulmonary arterial V wave, and it ended at the peak of the pulmonary arterial V wave.
Discussion
There have been previous demonstrations of an earl y diastolic wave (V wave) in the pulmonary arterial pressure tracings obtained with fluid-filled catheters in subjects with mitral regurgitation.`However, the physiologic significance and clinical implications of this phenomenon have not been adequately defined. Our results demonstrate that this early diastolic wave is -mmHg f not a catheter artifact, is the cause of premature closure of the pulmonic valve in both man and experimental animals, and is found in patients with severe mitral insufficiency of recent onset who have low pulmonary vascular resistance. 2 4 When pressure is recorded with a fluid-filled catheter system, the possibility exists that a recorded wave is not a true pressure phenomenon, but is related to catheter-whip or poor frequency response of the catheter-transducer system. 12, 11 Recording with micromanometer-tipped catheters eliminates these problems. '4 As demonstrated above (figures 2, 3, and 5 through 7), definite V waves that exceeded pulmonary arterial and right ventricular systolic pressures were recorded with micromanometer catheters in humans and experimental animals with severe mitral regurgitation. This wave was recorded in the main pulmonary artery, immediately above the pulmonic valve, thus eliminating the possibility of a mixed pulmonary artery-pulmonary wedge tracing. In experimental animals it was possible to demonstrate that retrograde flow in the pulmonary artery occurred concurrently with the V wave.
Spring and Rowe' published indirect measurements suggesting that the pulmonary arterial V wave seen in mitral regurgitation caused premature closure of the pulmonic valve. However, they included no direct documentation of such a relationship. It is every difficult to define precisely when pulmonic closure should occur, and thus what constitutes "premature' closure.
However, in the absence of a lengthening of the Qc.
A$Ao 100 mmHg-/ , 50 mmHg-aortic closure interval, premature or early closure of the pulmonic valve may be considered to occur when pulmonic closure precedes aortic closure. We first demonstrated in animals that pulmonic closure and the incisura of the pulmonary arterial dicrotic notch recorded with a micromanometer-tipped catheter are temporally related both at rest and with severe mitral regurgitation. With mitral regurgitation, the normal sequence of aortic followed by pulmonic closure was reversed, but only in those animals developing a V wave in the pulmonary artery. Reversal was not due to a lengthening of the Q-aortic closure interval, which was unchanged, but to a change in right-sided events. The time from the onset of the QRS complex to pulmonic closure consists of the electromechanical delay and right ventricular mechanical systole, and the hangout interval between the right ventricular and pulmonary arterial tracings.' 11 Total right ventricular electromechanical systole did not change with acute mitral insuffiency. Thus, a major factor causing early pulmonic closure was acute pulmonary hypertension and the virtual elimination of the usual hangout interval in the pulmonary artery.8' " In addition, the pulmonary arterial V wave contributes to early closure of the pulmonic valve in that it causes closure to occur higher on the right ventricular pressure curve than it would as a result of pulmonary hypertension alone ( figure 8 ).
Despite the fact that aortic closure may be early in mitral regurgitation,'5 our observations in man reveal that pulmonary arterial V waves are associated with an b. \ C. FIGURE 8 . Abbreviations are as in figures 1 through 7. Idealized representation of AO, RV, and PA pressure curves in normal subjects (A), individuals with pulmonary hypertension (B), and individuals with a PA V wave (C). In normal subjects the aortic incisura preceeds the PA incisura. In those with pulmonary hypertension the time between the aortic and pulmonary incisura narrows because hangout is decreased. In those with severe mitral regurgitation and pulmonary hypertension, the PA incisiura preceeds the AO incisura. Early pulmonic closure is due to the decrease in hangout and the PA V wave that causes closure to occur higher on the RV pressure curve. even earlier pulmonary arterial incisura, which implies a reversal of the normal sequence of semilunar valve closure. Previous investigators8 " have demonstrated in man that the incisura of the pulmonary arterial pressure curve recorded via a micromanometer-tipped catheter is coincident with internal or external recordings of the pulmonic component of the second heart sound. Thus, in man it is likely that the pulmonary arterial incisura and closure of the pulmonic valve occur almost simultaneously, as demonstrated above in experimental animals. In all three patients in whom micromanometer tracings showed V waves at rest, pulmonic closure preceded aortic closure in the presence of a pulmonary arterial V wave (figure 2). In one of two patients with severe mitral insufficiency but no pulmonary artery V wave at rest, the normal sequence of aortic and pulmonic closure reversed during handgrip, and this corresponded to the appearance of a pulmonary arterial V wave ( figure 3 ). In these patients there were no other factors that might have caused a reversal of the normal sequence of semilunar valve closure, such as left bundle branch block or severe aortic stenosis. A pulmonary arterial V wave was present in 14 of 70 patients who were catheterized and found to have severe mitral insufficiency. Patients with pulmonary arterial V waves (group I) were more likely to have symptom duration of less than 1 year, disease of a nonrheumatic cause, higher pulmonary wedge V waves, and lower pulmonary arteriolar resistances than patients without them (group II). All of the above findings are associated with acute or subacute mitral regurgitation.
The functional consequences of the pulmonary arterial V waves are unclear. They certainly can produce early closure of the pulmonic valve. However, the early closure most likely does not directly contribute to the hemodynamic collapse associated with acute severe mitral insufficiency, because right ventricular ejection is virtually complete by the latter part of systole when the V wave closes the pulmonic valve.' 6 17 In conclusion, we have demonstrated that a left atrial or pulmonary wedge V wave can be transmitted back through a compliant pulmonary vasculature and be recorded in the pulmonary artery via a micromanometer-tipped catheter. The pulmonary arterial V wave is associated with early closure of the pulmonic valve, and is seen in patients with severe mitral insufficiency of recent onset.
